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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INVESTIGATION OF THE USE OF A STICK FORCE FROPORTIONAL TO
PITCHING ACCELERATION FOR NORMAL-ACCELERATION WARWING

By Marvin Abramovitz, Stanley F. Schmidi,
and Rudolph D. Van Dyke, Jr.

SUMMARY

The feasibllity of modifying the transient portion of the stick
force in abrupt maneuvers, in order to eliminate inadvertent normsal-
acceleration overshoots, 1s investigated both experimentally 1in flight
end analytically. The modification consists of an additional sitick force
proportional to & guantity which leads the normel acceleration (e.g.,
pitching acceleration).

It is shown that the magnitude of force proportional to pitching
acceleration which can be provided is severely limited by the dynamic
stability characteristics of the control system. However, when enough
lag is introduced so that the force is spproximstely in phase wilith rate
of change of normal acceleration, very large forcea can be provided with=~
out impeiring the dynamic stebility. The feel characteristics produced
by the inclusion of such a force are considered to be very desirable by
pilots. In sddition to eliminsting normal-acceleration overshoots, more
preclse maneuvers can be flown.

INTRODUCTION

Because of the increases in airplane size and speed and the attend-
ant difficulties of eaerodynamically balancing control surfaces, many
designs now employ irreversible, powered controls with artificial feel.
Although these devices provide satisfactory stick-force gradients in
steady flight, they fail, in some cases, to furnish adequate stick-force
characteristics in abrupt meneuvers, and thereby increase the danger of
inadvertently overshooting the airplane load limit. (The required stick-
force gradients in steady flight are specifled in reference 1, but the
nature of the transient stick force in abrupt maneuvers is mentioned only
in a general way.)

This investigation is concerned with the feasibillty of preventing
the occurrence of these overshoots by modifying the transient portion of
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the stick force to include an additional force which leads the normsal
acceleration. The pitching acceleratiaon 1p & quantity that leads the
normal acceleration, and its magnitude depends on both the rapidity and
magnitude of the maneuver. It was felt that an additional stick force
proportional to this quantity would warn the pilot of impending normal
acceleration in time to take corrective action, 1f necessary, to prevent
overshoots. For the investigation, an ¥-51H airplsne equipped with a
special torque servo, which produced an additional stick force propor-
tional to & selected input quantity, was used as a test vehicle. The
output of an angular sccelerameter formed the input to the torque servo,
thus producing the desired warning stlck force.

NOTATION

ay normal acceleraticn, ft/sec®

[ wing mean aerodynamic chord, £t

Cha rate of change of hinge-moment coefficient with angle of
attack, per deg

Ché rate of change of hinge-moment coefficient with pitching
velocity, per radian per sec

CLm airplane lift-curve slope, per radisn

CL8 elevaetor effectiveness, per deg

Fg ‘ elevator stick force, 1lb

FSE stick force due to elevator hinge moments, lb

FST stick~force output of torque servo, 1b

acceleration of gravity, ft/sec®

K feedback gain, 1b/radian/sec®

Kg steady~-state value of &/Fg, deg/lb

Ky microsyn gearing, volts/deg

KR ram and emplifier gearing, deg/sec/volt

Kg torque-servo gearing, 1lb/volt



NACA Rt 253E21 E 3

KSr ratio of stick deflection to elevator deflection for rigid
control cables

K torque~tube spring constant, 1b stick force/deg
Kg " pteady-state value of 6/8, radians/sec/deg

P varisble introduced in the Leplace transformation
q dynemic pressure, 1lb/ft?

s wing area, ft2

T lag~-filter time constant, sec

Tg torque-servo lag, sec

Tg alirplane pitching lead term, sec

t time, sec

vg output of angular accelerometer, volts

v flight speed, ft/sec

W airplene weight, 1b

3] elevator angle, deg

4 airplane demping ratio in pitch

€ elevator damping ratio

e angle of pitch, radians

6g torsion-bar rotation due to hydraulic ram deflection, deg
fg control-stick deflection, deg

Wn airplane shori-period natural frequency, radians/sec
Wng elevator natural frequency, radigns/sec

p air density, slugs/cu ft

(7),("H) first and second time derivative, respectively
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EQUIPMENRT

Alrplane

Figure 1 is a sketch of the test airplane. With the alrplane nor-
mally loaded, the elevator-control-force characteristics are consldered
generally satisfactory in both steady and abrupt maneuvers. For the
initiel teste, the airplane was flown in the normsl condltion. However,
for the final evaluation, ballast was added to the tail compartment to
move the center of gravity aft in order to decrease the steady elevator-
control-force gradients to values which vary from marginally acceptable
to unacceptable, depending on the flight speed and altitude.

Torque Servo

w

Flgure 2 i a sketch of the torque servo used to provide the addi-
tionsl force proportlonal to the pltching acceleration. The hydraulic
ram 1s connected through the torsion bar to the stick linkasge. The
microsyn measures the torsion-bar twist and feeds a volitage proportional
to this quantity back to the amplifier, which controls the ram velocity
by means of the valve actuator. With no other input to the amplifier,
the ram closely follows any stick movements. In order to provide a stlck
force proportional to pitching acceleration, the output of an angular
accelerometer 1s fed to the amplifier., Thias added input causes the serve
to maintain s torque on the torslion bar and, thus, a stick force propor-
tional to the pitching accelerstion.

Equipment Tests

Ground tests of the servo Indicated satisfactory operation. With
no sngular-accelerometer input, the ram very closely fellowed even
extremely rapid stick movements with negligible additlonal stick force.
The stick-force output followed sudden electrical Iinputs with only small
lag. .

Initial flight tests to check out the servo operation in flight
indicated that, slthough the servo performed satisfactorily, the usable
system gain was severely limited by the stick-free dynamic stabllity.
With the gain set to provlide the amount of additional stick force ini-
tially estimated by pllots as being necessary for warnling purposes
(about 40 1b/radien/sec®), the system had oscillatory instability when
the stick was released. Figure 3 is taken from flight records to illus-
trate the condition at a lower gain (13 Ib/radian/seca) where the system
is etill osclllatory. At even lower galns where the system was stable,
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though poorly damped, the system oscillated for many cycles even in
attempted stick-fixed maneuvers, and the pllot rated it unsatisfacitory.

As & result of the initigl tests, an analytical study was ingtituted
to determine and eliminate the causes of the instability arnd stlll provide
adequate normal-acceleration warning.

ANALYTICAL STUDY

Method of Analysis

The analytical study was carrled out using a high-speed electronic
simidator. With the torque servo feeding back a stick force proportional
to the pitching acceleration, this acceleration belng a quantity which
depends on the stick~force input, the control system is a closed loop
defined by the following equatlions:

FS =FSH+FST
or

} (1)
FSH = FS - FST

in which & depends on & which ip a function of Fg , and FST is a
function of 6. A block diagram of the system appears in figure L.

The complete serodynamic equatlons of motion, including the control-
free mode, are given in reference 2. However, for the purposes of this
investigation, several simplifying assumptions can be made. Preliminary
flight-test results indicated that the hinge moments depend primasrily on
the elevator deflectlon, so that terms which depend on the aerodynamic
response (Cha’ Chgs etc.) may be neglected. In addition, the Ffollowing

assumptions, which are considered reasonable for the configuration being
investigated, were made: (1) constant forward speed, (2) CLS = 0,

(3) rigid control cables, (4) system mass balanced. With these assump-
tione, the equations of motion can be cornsiderably simplified and aero-
dynamic transfer functions of the following form can be determined:

..
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g _ Ko(1 + Top)p W
8 1+ (2b/wn)p + (L/wy2)pR
az/e i (V/e)kq

5 1+ (28/wp + (1/wp)p? >

(2)

5 _ Kg
Fgp 1+ (28e/on )e + (Lug2)p® J

The torque~servo transfer function 1s derived in the sppendix.
Experimental data indlcated that the portion of the stick force due to
rate of stick movement was negligible, so that the simplified form of the
transfer functlon was used in the analysis.

¥
S0 __Ks (3)

vy 1+ Tgp

where TS = 0.02.

The angular accelerometer was represented by & second-order transfer
function with a natural frequency of 9 cyclee per second and a damping
ratio of 0.7 to correspond to the characteristics of the instrument used
in flight. - _

The system defined by the previous equations was set up on the
electronic simulator for conditions corresponding to the iniltial flight
tests — an indicated alrspeed of 200 miles per hour at an altitude of
10,000 feet with a normal center-of-gravity location (about 25-percent &).
The aserodynamic and control-system dynamic parameters were estimated
theoretically and modified slightly to £it the flight data. Table I
lists the aerodynamic and control-system dynamic parameters used.

In a combination force-and-position system such eas the one investl«
gated herein, three different modes of operation can be visuslized:

stick-free, in which the pilot frees the siick after an initial input;
gtick=-fixed, in which the pilot holds a constant control position
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regerdiess of stick-force variation; and constant force, in which the
pilot varies the control positlon to maintain a constant stick force.

For the stick-fixed condition, no insteblility can appear since the control
is not allowed to oscillate. The three conditions above were approximated
on the simulator by using & sgquare pulse input in Fg for the stick-free
case, opening the loop and forming FSH + FST for a step FSH input for

the stick-fixed case, and using & step Ilnput in Fg to the closed-loop
system for the constant-force case.

Results

Figure 5 18 & simulated time hiptory of elevetor position in response
to a pulse input in stieck force with & gain of 15 pounds per radian per
second squered. It is seen that, even with the large number of simplifi-
cations made above, the analytical solution approximates the flight result
very closely. In order to determine what factors were limiting the use-
fulness of the system, several of the parameters were varied and the
effects on the system response were observed. It was found that only
small increases in the usable garin could be obtained when the servo lag
was decreased and the control-system natural frequency incressed. The
latter could correspond to either less control-system inertis or to an
irreversible, powered control system with spring feel and high-performance
control servos. Also, the aerodynamic parameters were varied to simulate
those of alrplanes varying from 2 very large transport to a transonic
fighter. There resulted little effect on the system characteristics.
However, Tg, the lead term in the pitching-acceleration transfer function,
was found to have a large effect. When this term was reduced to zero,
which could be accomplished experimentally by the use of a lag network
with a time constant equivalent to T4, large inereases in the gein could
be tolerated. Note from equations (2) that this is equivalent dynamically
to feeding back (&z/g) rather than &.

The reason that Tg has such a large effect can be appreclated by
examination of the system frequency response. Pigures 6{a) and 6(b),
respectively, are the amplitude ratios snd phase angles for both the
complete-system open-loop response (FST/FSH) end the airplane pitching-

acceleration response (5/5). Because of the relatively large value of

Tg and the fact that the pltching-ascceleration transfer function is &
derivative function (i.e., p occurs as a Pfactor in the numerator), large
amplitude ratios result at high frequencies where the phase lag is
inereasing. When the servo- and control-system lsgs are added and the
loop is closed, very small gains must be used or the system will become
unstable due to these large amplitude ratios. In exemining the transfer

coefficients of a number of airplanes, it was noted that Ty (z %%ﬂ)

PVVLy
is rélatively large, so that the same fundamental limitations on the use-
fulness of the & signal probebly exist for these sirplanes.

- -
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In order to determine the effect of the time lag on the g werning
characteristics of the system, a varlable-time-constant filter was added
to the setup. Thip filter altered the output of the angular accelerometer.
In figure T appear the gtick-fixed responsea with several different values
of gain, K, and filter time constant, T. The amount of gain was chosen
so that the stick-free oscillations damped to 1/10 amplitude 1n approxi-
mately one cycle. It is seen that as the filter lag ls increased, the
amount of warning stick force can be increased. However, the amount of
lead of the warning stick force over the normal acceleration is decreased.
It was felt that the suttability of the system with the reduced lesd and
the optimm settings could be determined only in flight from pilots®
reactione and opinions.

FLIGHT EVALUATION

The test sirplane was equlipped with a filter network in the torque-
servo amplifier, which would affect only the angular-accelercmeter output,
and with a time constant whichk could be convenlently varied in flight.

In addition, ballast was added to the taill compartment to move the center
of gravity aft to about 3l=-percent ¢, for which condition the stick-force
gradient varied from about 0 to 3 pounds per g over the speed and alti-
tude renge. It was felt that, with very low, steady stick-force gradients,
the pillots could evaluate more realistlcally the usefulness of the addi-
tional force in prevénting overshoots. The evaluation wae carried ocut at
two flight conditions: 20,000 feet and 200 mlles per hour where Tg is
large, and at 10,000 feet and 350 miles per hour where Ty 1s small.
Figure 8 shows the computed varistion of Tg with speed and altitude.

The tests were flown by two different pilots and, in general, their
opinions on the suitabllity of the servo as a g warning device and their
gelections of optimum settings were in agreement. At both flight condi-
tions they selected filter time constants very nearly equal to Tg in
order to obtain sufficiently high gains (130 to 170 lb/radians/sec?), so
that 30 to 50 pounds of additional setlick force were present in ebrupt
pull-ups to 3g. However, at the low-speed condition, where Tg equals
gpproximately 0.9 second, the lag introduced by the fllter was more
noticeable, and they felt that a filter time constant sllightly lesa than
Tg (between 0.8 Ty and 0.9 Tg) might be more desirable, even though it
meant reducing the amount of warning stick force in order to maintain
satisfactory stability. It should be polnted out that gain values were
chosen in rapid pull-ups and turn entries to 3g's and, for this reason,
ere probably higher than optimum values selected on a basis of the air-
plane load 1limit (about 7g's). However, because of the very small maneu-
ver margin corresponding to the aft center-of-gravity location, it was
not considered feasible to attempt rapid pull-ups to large accelerations.
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Both pilots considered the feel introduced by the additional stick
force to be desirable, even with the necessary filter lag included. In
rapid pull-ups and turn entries to & given acceleration, overshoots,
which almost invarlably occurred with the device turned off, were largely
eliminated, and the pilots felt that it was much easier to make precise
maneuvers. In figure 9 are typical rapid pull-ups which illustrate the
effect of the device on the acceleration overshoot. BY comparison of
figures 9(a) and 9(b) it ie seen that an overshoot of sbout 35 percent
is present with the device off, while with the device operating the over-
shoot is largely eliminated with only a small decrease Iin the rapidity
of the maneuver. An additionsl advantege was also noted by the pilois
during the tests. They found it very difficult to malntain a constant
g maneuver with the device off, especielly in rough air. However, with
the device operating, & much more precise maneuver could be flown.
Figures 10(a) and 10(b), taken from flight records in which rough air
was encountered, l1lliustrate this polnt.

CORCLUSIONS

The feasibllity of modifying the transient portion of the stick force
in abrupt meneuvers, in order to eliminete inedvertent normel-acceleration
overshoots, was investigated both experimentally in flight and analyti-
cally. The modification consisted of an additional force proportional
to a quantity which leads the normal accelerstion (e.g., pitching acceler-
ation). It was determined that:

1. It was not possible to use pliching acceleration directly as an
input quantity because of the severe limitations imposed by the stick-
free dynamic stability characteristics on the magnitude of force which
could be provided.

2. If enough lag were provided to make the force spproximately in
phase with the rate of change of normal acceleration, very large forces
could be provided.

3. The feel characteristics introduced by the inclusion of such s
force were considered to be very desirable by pilots. In addition to
almost completely eliminating normal-acceleration overshoots, more precise
control in maneuvers was possible, especially in rough air.

Ames Aeronsutical Laboratory
National Advisory Committee for Aeronautlcs
Moffett Field, Calif., May 21, 1953
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AFPPERDIX A

TORQUE-SERVO EQUATIONS

With reference to figure 4, the following equatione can be written
describing the action of the torgue servo:

3
Fg, = Kr(ég - 0g)

> (A1)
6g = %; [vg - Ky(6g ~65)1 )

If we solve for FST, the following transfer functlon can be derived:

(Kp/K)vg  (1/%g) (Kp/Ky) O
F = -
Sr 7 1+ p/Kpky 1 + p/KrKy

(A2)

These equations assumed no lag in the ram, valve, valve actuator, and
amplifier. The added assumption (verified by experimental tests) can be
made that the action of the ram is so rapid (i.e., K 1is so large) that

the term defining the stick force due to the rate of stick movement can
be neglected, so that

"sp  Kp/ky __ Kg (43)
vg 1+ P/KgKy 1 + Tgp
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TABLE I.~ AERODYNAMIC AND CONTROL-SYSTEM DYNAMIC STABILITY PARAMETERS
FOR AN ALTITUDE OF 10,000 FEET AND AR
INDICATED AIRSPEED OF 200 mph

Kg, radians/sec/deg ~0.04Th
Ty, sec 0.80
{, dimensionless 0.455
Wy, radians/sec 2.96
Ky» 1b/deg ~0.25
e, dimensionless 0.50
Wne, radians/sec 40
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Figure 1.- Sketch of test agirplane.
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Figure 2.~ Sketch of torque servo.
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Pigure 3.~ Control-free elevator oscillation in flight
(K = 13 1b/radian/sec?).



@l

’————"(40’;/9)
§

Ky

Microsyn

Fe
H Gonrrol—s{sfem 8 Asrodynamics
dynamics
A |
T Ks,
'%59 K |+ Y| Angutar
Kr + % P accelerometer
Torque tube -

\—-.S‘umming amplifier, valve

acluator, valve and ram

Figure k4.- Block disgram of system.

ST

=
[
2
G
B
l—l




NACA T 453221 AEE— 17

g ANV VAL A AR L
o RVAVRVAVA VAV RVIVAVAVAVIRY

A 4

o 4 .8 L2 1.6 2.0
Time, 1, sec

Figure 5.- Computed control-free elevator oscilliation
(K = 15 1b/radian/sec®).
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Pigure 6.~ Calculated airplane pitching acceleration and complete-
system open-loop frequency responses for unity open-loop gain.
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